Here, r i corresponds to the current position of each membrane node and cell center i, ξ is the medium drag coefficient, and F i represents the sum of all forces due to active, random contractions or through passive mechanical interactions between node i its neighboring nodes:
where, F sf i is the force due to radial stress fibers, F memb i is the force due to the membrane and cortex, F is the cell generated force due to contractions or protrusions of the stress fiber or membrane elements, respectively. F adh i
is the force originating through cell-cell adhesions, represented by VE-cadherin in our stochastic adhesion model described below.
Model of Passive Intracellular Mechanics
We now describe all mechanical properties modeled within a single cell. As described before, both radial stress fibers and tangential membrane/cortex segments are modeled with Kelvin-Voigt elements (Fig. S1 ).
For simplicity, we consider hexagonal cells as a starting point, even though the actual modeling framework is independent of the cell geometry. Stress fibers connect a node in the center of the cell with a node on the membrane. Membrane and center nodes are treated in the same way. Additional to the KelvinVoigt force arising due to deformations in the direction of two membrane points F memb,kv i
( Fig. S2B) , the membrane/cortex exhibits bending stiffness resulting in forces due to deformations perpendicular to the membrane, F memb,b i
( Fig S2C) . The total force on a membrane node due to deformations of neighboring membrane nodes is thus given by: ), the direction of the force is perpendicular to k (unit vector of the membrane segment), and K bend is the rotational spring constant used to approximate membrane bending effects.
Kelvin-Voigt structures consist of a parallel arrangement of an elastic spring and a viscous damper, with the force
Here, E is the elastic modulus of the spring, A is the area of the cross-section, and η is the viscosity of the material (membrane or stress fiber, respectively). Forces are implemented for both stress fibers and membrane structures as follows:
where K sf and K memb are the stiffness and η sf and η memb are the drag coefficients of stress fibers and membrane, respectively. n denotes the bar in the network that connects the points i and i − 1, and could correspond to a stress fiber or a membrane segment. l n is the current length of the element, and l 0 n is the rest length. v n corresponds to the velocity at which the element is varying its length, and k is the unit vector in the direction of the element.
Model of cell-cell junctions
Endothelial cells are mechanically coupled to neighboring cells through cell-cell adhesions. VE-Cadherin is the major protein in endothelial cell adherens junctions and is known to cluster on the membrane [3] . It is a homophilic protein binding to other VE-cadherins on neighboring cells, and also links cell-cell adhesions to the cytoskeleton [4, 5] . Cell-cell adhesions in endothelial cells are very complex, and also include tight junctions. In our model, the precise molecular composition and regulation of the junctions is not relevant.
However, it is important to note that several molecular bonds in adhesion complexes are force-sensitive.
For instance, a force-dependence of VE-cadherin/VE-cadherin bonds at high forces was known for a long time [4] , and the same paper showed that these bonds have a longer lifetime than the related E-cadherin or N-cadherin bonds present in other cell types. More recent evidence showed that cadherin bonds may also exhibit a catch-bond nature [6] , causing the bond-lifetime to initially increase with force. Likewise, the bonds connecting cadherins to the cytoskeleton, for instance through α-catenin, were recently found to be described by a catch bond [7] .
Our model is thus designed to capture the force dependence of the cell-cell adhesions. Each discretized membrane point can act as a local adhesion cluster that may bind to a membrane point on adjacent cells.
If binding occurs, the cells are physically connected through a linear spring with force
Here, d i,z is the distance between the node i on the cell under consideration, and z denotes the node on the adjacent cell. K adh is the stiffness constant of the adhesion complex and L 0 adh is the adhesion equilibrium length. The direction of the force corresponds to the vector formed by the two points of the adhesion, i and z. From now on, we refer to the adhesion complex that binds points i and z with the subindex p.
The probability of binding of two membrane points is determined by a rate that depends on the distance between these two points:
Here, k 0 on it is a binding rate constant and L limit bind is the maximal distance at which two membrane points of neighboring points could bind, and ρ adh is the density of adhesion molecules available for binding.
To describe the experimentally observed effect that adhesion complexes may strengthen due to clustering of molecules such as VE-cadherin and recruitment of molecules such as talin or vinculin, which themselves have force-dependent binding rates that may lead to positive feedback loops, [3] , our model includes a force dependence of the adhesion complex density and consequently its mechanical properties. Indeed, it was
shown that forces play an active role during the strengthening of cell-cell adhesions [3, 8] . Our model thus incorporates a mechanism to reinforce cell-cell junctions in response to forces. This is done by describing the bond density n reinf through a stochastic, force dependent model. For simplicity, and to effectively describe the important case of n reinf = 0 that corresponds to complete rupture of the adhesion complex under consideration, we employ a discrete model where n reinf takes on discrete values between 0 and n max reinf .
n max reinf corresponds to maximal saturation of the adhesion complex, i.e. maximal binding strength. Each adhesion complex may thus act as a molecular clutch, unbinding for zero density, and fully engaging at n max reinf . The resulting stiffness of the spring then changes in a linear way:
Here, K 0 adh is the stiffness per unit bond density.
Once a connection between two neighboring cells is formed, (following Eq. S9), the bond density of the adhesion complex can vary stochastically following a force dependent law where the reinforcement rate is given by:
Here, k 0 reinf is the binding rate constant for the reinforcement and λ reinf is a force constant for shifting the reinforcement curve. Furthermore, F limit reinf is a threshold above which we stop applying the reinforcement.
This threshold is set to avoid numerical instabilities due to very large binding rates. It has no physical consequences for the model behavior as long as it is numerically set to much larger values than the force corresponding to the peak lifetime of the catch bond, see Eq. S12 and Fig. S12 below. This is because for such high forces, the cell-cell adhesion clusters are already certain to have unbound due to the catch-bond nature we are now discussing.
Unbinding of single bonds is modeled as a catch bond law [9] : 
Here, K rep is a constant parameter, d i,z is the distance between the two membrane points of different cell, and the direction of the force is obtained as in Fig. S2D . L rep is the maximum distance at which repulsion is applied and j is the unit vector in the opposite direction to the straight line that binds both points (i and z).
Cell-generated forces
Forces are generated within the cell due to motor activity and cytoskeletal remodeling. Myosin generated forces (F myo i ) act on both the stress fibers and the cortex membrane in a contractile manner, and protrusive forces (F ) generated by actin polymerization may lead to forces directed towards the outside of a cell:
Myosin forces are the result of the combination of two types of forces. The first one, which is generated by the myosin activity in the stress fibers, thus typically results in radial forces. The second one are tangential forces that occur due to contractions of the cortical actin filaments and are directed parallel to the membrane. Both forces have a magnitude of F Fig. S3A ,B), and they are much larger than the overall time step used to simulate the whole system (Table S1 ). If, following the previous explanation, there is a change in the force due to a random recalculation of the forces for either stress fiber or membrane segment, the force does not change abruptly in one time step. Instead, the force magnitude changes linearly in time from the previous value to the new one in a given total time, t F orce T ransition . This is to mimic the behavior of cells while external conditions remain approximately constant, so no rapid changes in the mechanics within each cell occur (compare for Movie S2). In this way, cell forces are not homogeneously distributed in time and space, but also do not change abruptly in the absence of external stimuli. External stimuli, for instance, vasoactive agents like thrombin increase intracellular levels of Ca 2+ and lead to myosin activation [10] . This induces changes in traction forces, leading to heterogeneous force distribution which causes the formation of inter-cellular gaps.
Protrusive forces are caused due to actin polymerization at the edges of a cell. For simplicity, protrusive forces are modeled in the same way as contractile forces, and are only distinguished from contractile forces due to the direction of force and the characteristic parameters. Thus, they act typically in the opposite direction of radial contractile forces (i.e. outward of the cell) and with their own parameters characterizing the typical magnitudes (n F orce P rot , p F orce P rot and t F orce P rot ) (see Fig. S3C ).
Actin remodeling
The protrusions due to actin polymerisation, as described above, may change the length of stress fibers.
Likewise, shrinkage of existing fibers may occur due to depolymerization, or due to severing or buckling and subsequent breakage of fibers [11] . Other mechanisms leading to changes of the rest length of stress fibers include the addition of sarcomeric units in the middle of stress fibers in response to tension [12] . Our model effectively incorporates the dynamical remodeling of stress fibers due to adaptation to the applied forces.
For simplicity, we do not consider total depolymerization of a fiber or de novo polymerization of new fibers in response to nucleation. Moreover, we assume that the total amount of F-actin is conserved in a given simulation, i.e. the G-actin available after depolymerization is assumed to quickly polymerize in other fibers.
We describe the remodeling of the stress fibers through a change in the rest length of the spring in the Kelvin-Voigt element. This way, we do not explicitly take into account the precise origin of the change in rest length (e.g. whether it is due to actin polymerization, depolymerization or inclusion of sarcomeric units).
Stress fibers dynamically remodel by adapting their rest length to their current length at a certain velocity:
Here, s is the index of the stress fiber, L s is the current length of the stress fiber, L 0 s is the current balance rest length of the stress fiber and K remodel is a constant describing the rate of length adaptation.
Since we assume total F-actin conservation, this means that under constant cross-sectional area the total balance rest length of the stress fibers is constant:
Here, S is the total number stress fibers in a cell. For simplicity, we ignore the spatial variations of actin regulators and assume each stress fiber has a similar amount of free barbed ends that polymerize. In order to satisfy Eq. S16, the rest length of all the stress fibers in a cell is thus modified in the same way (see Fig.   S4 ).
Implementation of the model and simulations
Initial and boundary conditions 
Quantification of gap formation
Gaps are formed between two or more cells as a consequence of the adhesion bond rupture. In the model, as described above, two cells are connected at two adjacent nodes through adhesion complexes that are characterized through a (for simplicity assumed discrete) number of bonds n reinf . If n reinf = 0, the adhesion complexes of the adjacent cells unbind. However, the unbinding of a single pair of adhesion complexes on adjacent cells does not necessarily imply that the endothelial barrier is breached at that location, as this requires a sufficiently high number of close-by adhesion complexes to rupture. We thus quantify the breached area in between two or more cells that resulted from ruptured bonds and only quantify the rupture events as the formation of a proper gap if the area exceeds a threshold area A GAP,F . Likewise, when the gap area drops below a threshold A GAP,C , we consider that gap to be closed. A GAP,C is typically chosen to be slightly smaller than A GAP,F , since otherwise randomness in the simulation may lead to fluctuations around this detection threshold and thus incorrectly predict gaps to form and close constantly. We differentiate between gaps that are formed at a two cell border and gaps that are formed in the vertex of the cells touching three or more cells. A typical gap and how it is quantified is shown in Fig. S6 .
Implementation
The model has been implemented in a custom-made C++ program. We used the Eigen3 library for operation with the vectors and matrices used to solve the equations. For the rest of the program we have used standard C++ libraries. The code is available on Github, https://github.com/Escribs/Endothelial-monlayer.
Simulations
In each simulation, we first set up the initial and boundary condition and then calculate a loop consisting of repeatedly executing the following major steps: 
Node displacement:
We analyze the force balance in each node i of the monolayer and calculate the movement of each node with the Langevin Eq. S1. The forces considered are the ones outlined in Eq.
S2. To avoid instabilities, we set a maximum node displacement. If the node displacement exceeds this threshold, the time step is dynamically reduced when integrating the Langevin equation; a process we perform iteratively. In Fig. S15 , we show that the default time step we fixed is sufficiently low so that simulation results are not significantly affected by this time step.
3. Actin Remodeling: Based on the new positions of the nodes, we simulate the remodeling of actin.
Unbinding of adhesion bonds:
We update the forces on adhesions after the displacement of nodes, and preform a Monte-Carlo simulation to check if bonds unbind according to Eq. S12.
Gap formation:
Finally we quantify the formation of new and closure of existing gaps and the size of all currently existing gaps.
Parameter Justification
The parameters of the reference case are summarized in Table S1 . Parameters for the unbinding law are adjusted to match data from [4] , where distributions of forces were shown to be required to break single unbinding is predominant past the catch bond peak of maximal lifetime, estimated from [4] . Radial forces in the monolayer were reported by [13] . For protrusive forces we have selected values around four times lower than radial forces. Geometrical parameters of the model are estimated based on our experimental images, and the geometrical parameters of adhesions are extracted from [14] . Stress fiber stiffness is obtained from models of epithelial cells [15] . Membrane stiffness is within the range of values reported for two neighboring membrane ring segments in [16] , and similar to measurements of cellular cortex stiffness in endothelial cells [17] . Membrane and stress fiber viscosity are within the order of magnitude of values reported for viscous drag coefficients for filament shrinkage [16] . The value of the membrane bending stiffness is within two orders of magnitude of values reported in [16] by the cell height of approximately 10µm. The medium drag coefficient is also within one order of magnitude of values used in another model for epithelial cell monolayers [15] . Typical values reported for cortical tension are of the order of 400pN/µm [18, 19] . If we assume that the membrane has a thickness of 20nm, the resulting force is around 8pN , which is considerably smaller than the active contraction forces. For the density of adhesion molecules, we use VE-cadherin as a proxy, given its established role as critical player to form effective cell-cell adhesions. The numerical value is estimated from similar models focusing on E-cadherin in epithelial cell models [20] . The time step is a numerical parameter that is chosen sufficiently low, so that results are stable and convergent. In Fig. S15 we can see that reducing the time step does not change the results significantly. However, as we increase the time step, gap opening frequency is changing. This is because these larger time steps become of the order of magnitude of adhesion binding and unbinding time scales that affect the dynamics of the system. The choice of the time step is consequently an optimal choice that guarantees convergence of our results while being as large as possible for optimal simulation performance.
To reproduce experimental results, we performed a parameter fitting for those parameters of the model that were not fixed according to published literature values, as outlined above. Generally, our fitting was performed through adjusting published parameter values in similar systems, e.g. epithelial cells. First, we had to adjust the viscosity of the system, together with the cell generated forces and the stiffness of both stress fibers and membrane segments. These parameters combined, control the overall velocity at which the nodes move. This is important to reproduce the velocity at which cells deform and move, and to fit the experimentally observed lifetime of the gaps. Binding and unbinding parameters are very important to reproduce gap opening frequencies, since they control the rupture and binding of the adhesion complexes.
The binding law is estimated and we set the values so they are consistent with the unbinding law rate from literature values. Finally, bending stiffness has a strong influence on the location where the gaps are generated (border vs vertex), and was consequently adjusted so that computational results matched our experimental data.
We varied selected parameters within certain ranges in the results section of our main text. We focused on fold changes that have maximal impact on the shown results. Data for physiological ranges that can motivate these fold changes are rarely available. We considered fold changes typically within one order of magnitude from the reference case, which is likely obtainable through experiments or in different physiological conditions. However, even if such fold changes are not physiologically relevant, they demonstrate the principle impact of the represented physical parameters, and therefore, their importance, on gap formation.
